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I INTRODUCTION 

Many i n d u s t r i a l  p r o c e s s e s  c o u l d  make advantageous use  of a n  
economical s o u r c e  of h e a t  a t  t e m p e r a t u r e s  i n t e r m e d i a t e  between t h o s e  
of combustion f l a m e s  and t h o s e  of  e l e c t r i c  a r c s .  T h i s  need h a s  pro- 
v ided  t h e  i n c e n t i v e  f o r  numerous a t t e m p t s  t o  combine e l e c t r i c a l  energy 
w i t h  t h e  h e a t  r e l e a s e d  by combust ion.  

Combustion f lames  a r e ,  of c o u r s e ,  l i m i t e d  i,n t h e i r  h e a t  r e l e a s e  
r a t e  by r e a c t i o n  k i n e t i c s ,  and a r e  l i m i t e d  i n  t h e i r  u l t i m a t e  tempera- 
t u r e  by t h e  p a r t i a l  d i s s o c i a t i o n  of t h e  products  of combust ion.  

The e l e c t r i c  a r c  i s  not  t h u s  l i m i t e d ,  bu t  i t  h a s  i t s  own d i s -  
advantages .  I t  is i n h e r e n t l y  a d e v i c e  c h a r a c t e r i z e d  by e x t r e m e  
tempera ture  g r a d i e n t s ;  t h a t  i s ,  t h e  e l e c t r i c a l l y  conduc t ing  p a t h  i n  
t h e  working f l u i d  t e n d s  t o  c o n t r a c t  i n t o  a very narrow, s u p e r h e a t e d  
c h a n n e l ,  whi le  t h e  p a r a l l e l  su r round ing  p a t h s  c a r r y  l i t t l e  o r  no 
c u r r e n t  and a r e  r e l a t i v e l y  c o l d .  The a r c  i s  f u r t h e r  c h a r a c t e r i z e d  by 
a r e l a t i v e l y  low v o l t a g e  g r a d i e n t  a long  t h e  conduc t ing  p a t h ;  hence ,  
i t  r e q u i r e s  a high c u r r e n t  i f  it i s  t o  d i s s i p a t e  s u b s t a n t i a l  power i n  
t h e  g a s .  The h igh  c u r r e n t ,  i n  t u r n ,  c r e a t e s  s e r i o u s  e l e c t r o d e  mainte- 
nance problems,  because t h e  a r e a  of a t t achmen t  of t h e  a r c  a t  t h e  
e l e c t r o d e s  i s  ex t r eme ly  smal l  a t  any g i v e n  i n s t a n t .  With a low v o l t -  
age g r a d i e n t  through t h e  g a s ,  t h e  energy d i s s i p a t e d  a s  e l e c t r o d e  
l o s s e s  (which a r e  p r i m a r i l y  a f u n c t i o n  of c u r r e n t  d e n s i t y )  i s  a 
r e l a t i v e l y  high p r o p o r t i o n  of t h e  t o t a l  energy i n p u t ,  t h u s  t e n d i n g  
t o  make t h e  a r c  an i n e f f i c i e n t  means f o r  h e a t i n g  t h e  g a s .  I n  a d d i t i o n ,  
t h e  h i g h e r  u n i t  c o s t  of e l e c t r i c a l  energy ( v e r s u s  combustion e n e r g y )  
p u t s  t h e  arc a t  an economic d i s a d v a n t a g e .  
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Pas t  r e s e a r c h  on e l e c t r i c a l  augmentat ion of f l a m e s ,  such a s  
t h a t  of S o u t h g a t e , '  has  u t i l i z e d  an e lectr ic  a r c  i n  c o n j u n c t i o n  w i t h  
t h e  f lame.  M a t e r i a l s  problems a s s o c i a t e d  wi th  t h e  arc p u t  a s e v e r e  
l i m i t a t i o n  on t h i s  t e c h n i q u e ,  and i n t e r e s t  i n  e l e c t r i c a l  augmentat ion 
of f lames v i r t u a l l y  d isappeared  u n t i l  r e c e n t l y .  

Renewed i n t e r e s t  i n  t h e  s u b j e c t  was i n i t i a t e d  by a p a t e n t  i s s u e d  
t o  K a r l o v i t z *  and  b y  t h e  pre l iminary  development work on t h e  p a t e n t  
concepts ,  by A .  D .  L i t t l e ,  I n c . 3 i 4  T h i s  work demonstrated t h a t  l a r g e  
amounts of e l e c t r i c a l  energy  c o u l d  be impar ted  t o  a f lame,  i n  t h e  
form of a h i g h - v o l t a g e ,  low-current  d i s c h a r g e  t h a t  was d i s p e r s e d  
throughout  t h e  f l a m e  volume. Subsequent ly ,  s e v e r a l  o t h e r  publ i -  
c a t i o n s ' ~ ~  have d e a l t  w i t h  t h i s  s u b j e c t .  T h i s  paper  w i l l  a t t e m p t  t o  
d e s c r i b e  some of  t h e  performance c h a r a c t e r i s t i c s  o b t a i n e d  wi th  t h e  
improved b u r n e r  d e s i g n .  

I 1  DISCUSSION OF THE DIFFUSE ELECTRICAL DISCHARGE 

Gases a t  o r d i n a r y  t e m p e r a t u r e s  are very  poor e l e c t r i c a l  con- 
d u c t o r s ,  because  t h e y  have a very  low c o n c e n t r a t i o n  of f r e e  e l e c t r o n s  
and p o s i t i v e  i o n s .  As t h e  tempera ture  i s  r a i s e d ,  polyatomic g a s e s  
t e n d  t o  become more and more u n s t a b l e  and t o  d i s s o c i a t e  i n t o  t h e i r  
c o n s t i t u e n t  a toms.  However, i n  most c a s e s  t h e  c o n s t i t u e n t  atoms are 
themselves  h i g h l y  r e s i s t a n t  t o  f u r t h e r  d i s s o c i a t i o n  i n t o  i o n s  and 
e l e c t r o n s .  
e lements  as  oxygen,  n i t r o g e n ,  hydrogen,  and carbon begin t o  i o n i z e  t o  
an e x t e n t  s u f f i c i e n t  t o  impar t  s i g n i f i c a n t  e l ec t r i ca l  c o n d u c t i v i t y  t o  
t h e  g a s .  

Only a t  ex t remely  h igh  t e m p e r a t u r e s  (above 5000'K) do such 

I n  t h e  r e g i o n  between 5000'K and 20,000°K, t h e  e x t e n t  of i o n i -  
z a t i o n  of common g a s e s  i s  a n  ex t remely  s e n s i t i v e  f u n c t i o n  of tempera- 
t u r e ,  and t h e  e l e c t r i c a l  c o n d u c t i v i t y  rises by many o r d e r s  of magnitude 
a s  t h e  t e m p e r a t u r e  r i ses .  The g a s e s  a r e  s a i d  t o  have a l a r g e  " p o s i t i v e  
tempera ture  c o e f f i c i e n t  of e l ec t r i ca l  c o n d u c t i v i t y . "  
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Because of t h i s  l a r g e  p o s i t i v e  c o e f f i c i e n t ,  an o r d i n a r y  gaseous 
conduc to r  i s  an i n h e r e n t l y  u n s t a b l e  r e s i s t i v e  l o a d ,  and cannot  b e  
p laced  d i r e c t l y  a c r o s s  a c o n s t a n t - v o l t a g e  source  wi thout  d e g e n e r a t i n g  
i n t o  a v i r t u a l  s h o r t  c i r c u i t .  ( A s  t h e  g a s  i s  hea ted  by t h e  electrical 
d i s c h a r g e  pass ing  through i t ,  i ts  c o n d u c t i v i t y  r i s e s  a lmost  w i thou t  
l i m i t .  ) 
r e s i s t a n c e  o r  i n d u c t a n c e ,  m u s t  b e  placed i n  series w i t h  t h e  u s u a l  
gaseous  conductor  i n  o r d e r  t o  achieve  c o n t r o l  of t h e  c u r r e n t  drawn by 
t h e  l a t t e r .  This  i s  t h e  usua l  method employed t o  s t a b i l i z e  an e l e c t r i c  
a r c .  

A " b a l l a s t  ," c o n s i s t i n g  of an a p p r o p r i a t e l y  l a r g e  a u x i l i a r y  

A l a r g e  p o s i t i v e  t e m p e r a t u r e  c o e f f i c i e n t  of c o n d u c t i v i t y  a l s o  
r e su l t s  i n  a second e f f e c t  w i t h i n  t h e  gaseous conductor .  The f low of 
c u r r e n t  n a t u r a l l y  t a k e s  t h e  path of l e a s t  r e s i s t a n c e .  I f  t h e r e  a r e  
even minor l o c a l  n o n u n i f o r m i t i e s  among v a r i o u s  a l t e r n a t i v e  p a t h s ,  t h e  
most conduc t ing  path w i l l  be  hea ted  most r a p i d l y  and w i l l  t h e r e f o r e  
i n c r e a s e  i n  c o n d u c t i v i t y  most r a p i d l y .  Unless  t h i s  process  i s  some- 
how opposed,  t h e  f low of c u r r e n t  w i l l  v e r y  r a p i d l y  c o n t r a c t  i n t o  a 
s i n g l e ,  very narrow c h a n n e l .  

Two main s t r a t e g i e s  a r e  a v a i l a b l e  t o  c o u n t e r a c t  f i l a m e n t  forma- 
t i o n .  The f i r s t  i s  t o  reduce t h e  p o s i t i v e  t empera tu re  c o e f f i c i e n t  Of 
e l e c t r i c a l  c o n d u c t i v i t y  of t h e  g a s  t o  t h e  minimum p o s s i b l e  v a l u e .  
( I f  it could  be reduced t o  z e r o ,  o r  made n e g a t i v e ,  no f u r t h e r  s t r a t e g y  
would be n e c e s s a r y . )  The second i s  t o  reduce o r  e l i m i n a t e  random l o c a l  
n o n u n i f o r m i t i e s  i n  c o n d u c t i v i t y  b e f o r e  they  grow t o o  l a r g e .  

To implement t h e  f i r s t  s t r a t e g y ,  t h e  f a m i l i a r  t a c t i c  of  "seeding" 
t h e  f lame i s  employed. 
more e a s i l y  i o n i z e d  t h a n  a r e  t h e  c o n s t i t u e n t s  of t h e  common g a s e s .  
F o r  example,  a s  shown i n  F i g .  1, potassium c h l o r i d e  (added i n  low con- 

A l k a l i  m e t a l s  (and t h e i r  compounds) a r e  much 

c e n t r a t i o n  t o  a f lame)  can approach complete i o n i z a t i o n  of t h e  o u t e r  
e l e c t r o n  of t h e  potassium atom a t  t empera tu res  s e v e r a l  thousand d e g r e e s  
Ke lv in  lower than  t h o s e  a t  which any s i g n i f i c a n t  i o n i z a t i o n  of t h e  bu lk  
f lame g a s e s  o c c u r s .  T h u s ,  t h e  c o n d u c t i v i t y  of such a seeded f lame is  
provided almost e n t i r e l y  by t h e  a d d i t i v e ,  and once t h e  l a t te r  r e a c h e s  a 
s t a t e  of e s s e n t i a l l y  complete i o n i z a t i o n ,  t h e  t empera tu re  c o e f f i c i e n t  
of c o n d u c t i v i t y  of t h e  f lame assumes a r e l a t i v e l y  low v a l u e .  Only a 
few p a r t s  per  m i l l i o n  of "seed" m a t e r i a l  i s  r e q u i r e d  t o  f u r n i s h  adequate  
c o n d u c t i v i t y  f o r  t h e  f lame t o  be a b l e  t o  d i s s i p a t e  a l a r g e  amount of 
power a t  r e l a t i v e l y  modest v o l t a g e s .  

Implementat ion of t h e  second , s t r a t e g y  i s  p o s s i b l e  i n  p r i n c i p l e  
because  t h e  o v e r h e a t i n g  of a conduc t ing  pa th  ( r e l a t i v e  t o  i t s  s u r -  
roundings)  and t h e  c o n t r a c t i o n  of t h a t  path i n t o  a narrow f i l a m e n t  a r e  
b o t h  t ime-dependent phenomena; t h e r e f o r e ,  i t  should be p o s s i b l e  t o  oppose 
them by means of  t h e  powerful mixing a c t i o n  t h a t  can be provided by 
t u r b u l e n c e .  Such  mixing would t e n d  t o  l e v e l  ou t  any l o c a l  n o n u n i f o r m i t i e s  
i n  t empera tu re  and c o n d u c t i v i t y  b e f o r e  they  c o u l d  deve lop  t o o  f a r .  

D 
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A mathematical  t r e a t m e n t  of t h e  c o n d i t i o n  r e q u i r e d  f o r  pre-  
v e n t i o n  of f i l a m e n t  f o r m a t i o n  h a s  been d e s c r i b e d  by K a r l o v i t z . 4  
This  t r e a t m e n t  l e a d s  t o  t h e  concept  of a " c r i t i c a l  v o l t a g e  g r a d i e n t , "  
above -hich t h e  r a t e  o f  -mixing  provided by t u r b u l e n c e  i s  inadequate  
t o  prevent  the  i n t e n s i f i c a t i o n  of  l o c a l  i n e q u a l i t i e s  i n  h e a t i n g  r a t e .  
Below t h e  c r i t i c a l  v o l t a g e  g r a d i e n t ,  t h e  t h e o r y  p r e d i c t s  t h a t  tu rbu-  
l e n c e  can a c t  w i t h i n  a time i n t e r v a l  comparable t o  t h a t  r e q u i r e d  f o r  
f i l a m e n t  f o r m a t i o n ;  t h i s  p r e d i c t i o n  h a s  been v e r i f i e d  exper imenta l ly . .  

d i s c h a r g e  p r i n c i p l e  to  p r a c t i c e  are  both  a v a i l a b l e .  
' , Thus,  t h e  t w o  main t a c t i c s  r e q u i r e d  f o r  r e d u c t i o n  of t h e  d i f f u s e  

The i n i t i a l  mathemat ica l  model of K a r l o v i t z  i s  a d m i t t e d l y  s i m p l i -  
f i e d ,  and w i l l  have to be r e f i n e d  t o  t a k e  i n t o  account  such p e r t u r b i n g  
e f f e c t s  as d i s s o c i a t i o n  o f  t h e  working g a s ,  nonequi l ibr ium i o n i z a t i o n  
( p a r t i c u l a r l y  d u r i n g  exothermic  chemical  r e a c t i o n s ) ,  and nonequi l ibr ium 
e l e c t r o n  c a p t u r e  ( r e p o r t e d  t o  be impor tan t  d u r i n g  endothermic chemical  
r e a c t i o n s ) . '  N e v e r t h e l e s s ,  t h e  s imple  t h e o r y  h a s  been found t o  provide 
a v e r y  u s e f u l  g u i d e  f o r  d e s i g n .  

111 DESCRIPTION OF EXPERIMENTAL DEVICE 

The work d e s c r i b e d  h e r e  was conducted w i t h  a burner  designed t o  
o p e r a t e  o n  n a t u r a l  g a s  and a i r ,  a t  f low r a t e s  up t o  t h o s e  corre- 
sponding t o  a maximum combustion h e a t  r e l e a s e  r a t e  of 342,000 Btu p e r  
hour  ( e q u i v a l e n t  t o  100 kw of  combustion e n e r g y ) .  

' The f u e l  and a i r  were premixed and seeded wi th  a d i l u t e  a e r o s o l  
of potassium c h l o r i d e .  Combustion occurred  i n  a c o n s t a n t - a r e a  d u c t  
and t h e  d i f f u s e  e l e c t r i c a l  d i s c h a r g e  was e s t a b l i s h e d  i n  t h e  f u l l y  
combusted g a s e s ,  immedia te ly  downstream of t h e  combustion zone .  

F i g u r e  2 i s  a schemat ic  r e p r e s e n t a t i o n  of on ly  t h e  f i n a l  s t a g e  of 
t h e  d e v i c e  ( i n  which t h e  d i f f u s e  d i s c h a r g e  t a k e s  p l a c e ) .  T h i s  s t a g e  
c o n s i s t s  of a t u b e  of  r e f r a c t o r y ,  e l e c t r i c a l l y  i n s u l a t i n g  m a t e r i a l ,  
bounded a t  b o t h  ends  by m e t a l  e l e c t r o d e s .  P r o v i s i o n s  f o r  c o o l i n g  t h e  
tube  and t h e  e l e c t r o d e s  are  n o t  shown i n  t h e  diagram. 

The e l e c t r o d e s  a r e  connec ted  t o  a s i n g l e - p h a s e ,  60-cycle power 
supply  nominal ly  d e s i g n e d  f o r  a power o u t p u t  o f  100 kw, and a c t u a l l y  
c a p a b l e  of p r o v i d i n g  u p  t o  150 kva a t  o u t p u t  v o l t a g e s  v a r i a b l e  between 
about  2 and 8 kv.  I n d u c t i v e  b a l l a s t i n g  i s  provided ,  wi th  t h e  amount 
of i n d u c t a n c e  v a r i a b l e  up t o  a maximum v a l u e  s u f f i c i e n t  t o  l i m i t  t h e  
s h o r t - c i r c u i t  c u r r e n t  t o  about  t w i c e  r a t e d  c u r r e n t .  
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I V  EXPERIMENTAL RESULTS 

\ 

I 

\ 

The i n i t i a l  bu rne r  c o n f i g u r a t i o n  was s i m i l a r  t o  t h e  o r i g i n a l  
d e s i g n  d e s c r i b e d  by K a r l o v i t z ,  i n  t h a t  t h e  d i s c h a r g e  zone c o i n c i d e d  
w i t h  t h e  combustion zone.  V i s u a l l y ,  t h e  d i s c h a r g e  d i d  appea r  t o  b e  
r easonab ly .un i fo rmly  d i s p e r s e d  throughout  t h e  b u r n e r  volume, and 
photographs t aken  w i t h  exposure t i m e s  of  t h e .  o r d e r  o f  1/50 second ,  
such a s  t h a t  i n  F i g .  3, confirmed t h i s  impress ion .  However, when 
high-speed photographs were t a k e n ,  such a s  t h a t  i n  F i g .  4 ,  t h e  d i s -  
cha rge  was shown t o  c o n s i s t  of one (or a t  most a few) r a p i d l y  wander- 
i n g ,  c o n t r a c t e d  a r c  f i l a m e n t s .  Rega rd le s s  of  t h e  c o n c e n t r a t i o n  of  
i o n i z i n g  a d d i t i v e  o r  t h e  deg ree  of approach s t r eam t u r b u l e n c e  e m -  
p loyed ,  t h e  c o n t r a c t e d  n a t u r e  of  t h e  d i s c h a r g e  p e r s i s t e d  i f  more t h a n  
10% e l e c t r i c a l  augmentat ion was a t t empted .  

A t  t h i s  p o i n t ,  t h e  p o s s i b i l i t y  had t o  b e  c o n s i d e r e d  t h a t  t h e  zone 
i n  which t u r b u l e n t  combustion was i n  p rocess  d i d  n o t  have t h e  p r o p e r t i e s  
necessa ry  t o  s u s t a i n  a powerful d i f f u s e  d i s c h a r g e .  E s p e c i a l l y  n e a r  t h e  
g a s  i n l e t  end of t h e  d i s c h a r g e  t u b e ,  t h e  i o n i z i n g  a d d i t i v e  cou ld  no t  be  
expec ted  t o  be  f u l l y  vaporized and uniformly d i s p e r s e d ,  and Severe l o c a l  
t empera tu re  and e lectr ical  c o n d u c t i v i t y  g r a d i e n t s  were l i k e l y  t o  be  
p r e s e n t .  

The n a t u r e  of t h e  d i s c h a r g e  changed d r a s t i c a l l y  when a n o t h e r  
- s e c t i o n  of t h e  d u c t  was added downstream of t h e  combustion z o n e ,  and 
when t h e  d i s c h a r g e  was e s t a b l i s h e d  i n  t h i s  f i n a l  s t a g e .  F i g u r e  5 i s  
a frame from a high-speed movie (3000 frames pe r  s e c o n d ) ,  showing 
such a d i s c h a r g e  a t  t h a t  po in t  i n  a s i n g l e  h a l f - c y c l e  of a . c .  corre- 
sponding t o  peak power. The average e l e c t r i c a l  power p e r  c y c l e  d i s -  
s i p a t e d  by t h e  d i s c h a r g e  d u r i n g  t h i s  movie was 100 kw, and t h e  peak 
e l e c t r i c a l  power a t  t h e  i n s t a n t  of t h e  frame shown i n  F i g .  5 was o v e r  
200 kw, on t h e  b a s i s  of  s imultaneous o s c i l l o s c o p i c  r e c o r d s  of d i s -  
cha rge  c u r r e n t  and v o l t a g e .  S t o i c h i o m e t r i c  p r o p o r t i o n s  of n a t u r a l  g a s  
and a i r  were employed, a t  a t o t a l  'flow r a t e  e q u i v a l e n t  t o  100 kw of  
combustion p o w e r .  

The photograph shows t h a t ,  under  t h e s e  c o n d i t i o n s ,  no f i l a m e n t a r y  
s t r u c t u r e  can  be  d i s c e r n e d  i n  t h e  d i s c h a r g e  column. Othe r  f r ames  
from t h e  same f i l m  ( such  as t h a t  shown i n  F i g .  6 )  o c c a s i o n a l l y  show a 
s h o r t  l e n g t h  of  a r c  f i l a m e n t  immediately a d j a c e n t  to  t h e  e l e c t r o d e  
(mainly nex t  t o  t h e  upstream e l e c t r o d e ,  d u r i n g  t h a t  h a l f - c y c l e  when 
i t  h a s  n e g a t i v e  p o l a r i t y ) ;  however, t h i s  i s  n o t  s u r p r i s i n g ,  because  
t h e  d i s c h a r g e  g e n e r a l l y  anchor s  a t  a r e l a t i v e l y  sma l l  s p o t  on  t h e  
e l e c t r o d e ,  t h u s  n e c e s s i t a t i n g  a very high, c u r r e n t  d e n s i t y  i n  t h e  rela- 
t i v e l y  coo l  and nonconduct ive boundary l a y e r  su r round ing  t h e  e l e c t r o d e .  
With p rope r  p r e c o n d i t i o n i n g  of t h e  working g a s ,  t h e  main p o r t i o n  of t h e  
d i s c h a r g e  column remains comple t e ly  d i f f u s e .  

By p e r m i t t i n g  combustion t o  proceed t o  complet ion p r i o r  t o  t h e  
s u p e r p o s i t i o n  of t h e  e l e c t r i c a l  d i s c h a r g e ,  any u n d e s i r a b l e  nonequi- 
l i b r i u m  i o n i z a t i o n  due t o  exothermic chemical  r e a c t i o n s  d u r i n g  t h e  
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d i s c h a r g e  is a v o i d e d .  
s i r a b l e  p r o p e r t y  of be ing  a b l e  t o  undergo endothermic d i s s o c i a t i o n ,  
t h u s  provid ing  a s e l f - c o n t a i n e d  h e a t  s i n k  t h a t  should  t e n d  t o  h e l p  
a v o i d  l o c a l i z e d  o v e r h e a t i n g  of  t h e  g a s  by t h e  d i s c h a r g e .  Another  
way of s t a t i n g  t h i s  i s  t h a t  t h c  s l o p c  of t h e  c o n d u c t i v i t y  v e r s u s  
e n t h a l p y  curve  i s  reduced by d i s s o c i a t i o n .  T h i s  s l o p e  may be re- 
garded  a s  an even more d i r e c t  c r i t e r i o n  of t h e  s u s c e p t i b i l i t y  of t h e  
g a s  t o  f i l a m e n t  f o r m a t i o n  t h a n  i s  t h e  s l o p e  of t h e  c o n d u c t i v i t y  
v e r s u s  t e m p e r a t u r e  c u r v e .  

I n  f a c t ,  t h e  combustion products  have t h e  de- 

F u r t h e r  c o n f i r m a t o r y  ev idence  of t h e  d i f f u s e  n a t u r e  of t h e  d i s -  
charge  i n  a w e l l  p r e c o n d i t i o n e d  g a s  i s  provided by o s c i l l o s c o p i c  
t r a c e s  of c u r r e n t  and v o l t a g e ,  such as  t h o s e  shown i n  F i g .  7 .  These 
may be c o n t r a s t e d  w i t h  t h e  t r a c e s  shown i n  F i g .  8 ,  o b t a i n e d  from a 
c o n t r a c t e d  arc  superimposed on a s e e d e d ,  t u r b u l e n t ,  combusting g a s  
s t r e a m ,  l i k e  t h a t  i l l u s t r a t e d  i n  F i g .  4 .  S e v e r a l  impor tan t  d i f f e r -  
e n c e s  between t h e  two cases may b e  poin ted  o u t .  F i r s t ,  d u r i n g  each 
h a l f - c y c l e  a t  a g i v e n  average  power l e v e l ,  t h e  r a t i o  of  v o l t a g e  t o  
c u r r e n t  ( r e p r e s e n t i n g  t h e  i n s t a n t a n e o u s  ohmic r e s i s t a n c e  of t h e  d i s -  
c h a r g e )  f l u c t u a t e s  between much wider  l i m i t s ,  and drops  t o  much lower 
v a l u e s  a t  peak c u r r e n t ,  i n  t h e  a r c i n g  c a s e  t h a n  i n  t h e  d i f f u s e  c a s e .  
Second,  t h e r e  i s  no  pronounced rise i n  v o l t a g e  d u r i n g  t h e  e x t i n c t i o n  
p e r i o d  i n  t h e  c a s e  of t h e  d i f f u s e  d i s c h a r g e .  T h i r d ,  t h e  a r c i n g  c a s e  
e x h i b i t s  a r a p i d ,  h igh  ampl i tude  f l u c t u a t i o n  i n  v o l t a g e  t h a t  does  n o t  
appear  i n  t h e  d i f f u s e  c a s e .  ( I n  an i n d u c t i v e l y  b a l l a s t e d  c i r c u i t ,  
t h e  c u r r e n t  i s  p r e v e n t e d  from undergoing r a p i d  changes by t h e  r e a c t i v e  
back--emf developed  a c r o s s  t h e  i n d u c t a n c e ;  t h e r e f o r e ,  any r a p i d  f l u c t u -  
a t i o n s  i n  d i s c h a r g e  c o n d u c t i v i t y  a r e  e x h i b i t e d  as v o l t a g e  f l u c t u a t i o n s  
t o  a much g r e a t e r  d e g r e e  t h a n  a s  c u r r e n t  f l u c t u a t i o n s . )  
h i g h l y  t u r b u l e n t  medium i s  s t r e t c h e d  and d i s t o r t e d  i n  a random f a s h i o n  
so t h a t  i t  would b e  expec ted  t o  e x h i b i t  j u s t  t h e  sor t  of random f l u c t u -  
a t i o n s  i n  conductance  a s  a r e  observed .  A d i f f u s e  d i s c h a r g e ,  on t h e  
o t h e r  hand,  h a s  a c r o s s - s e c t i o n  t h a t  i s  l a r g e  compared wi th  t h e  s c a l e  
of t u r b u l e n c e ,  so t h a t  i t s  average  conductance i s  l e s s  e a s i l y  per turbed  
by t u r b u l e n t  mix ing .  

An a r c  i n  a 

One f u r t h e r  o b s e r v a t i o n  may be c i t e d  i n  suppor t  of t h e  conclus ion  
t h a t  t h e  d i s c h a r g e  i l l u s t r a t e d  i n  F i g .  5 i s  t r u l y  d i f f u s e .  A t  a g iven  
power l e v e l ,  t h e  t o t a l  l u m i n o s i t y  of t h e  d i s c h a r g e  reg ion  i s  remarkably 
low,  compared t o  t h a t  o f  t h e  a r c i n g  d i s c h a r g e .  T h i s  low l u m i n o s i t y  i s  
c o n s i s t e n t  w i t h  t h e  absence  of  superhea ted  f i l a m e n t s .  We have n o t  
q u a n t i t a t i v e l y  examined e i t h e r  t h e  a b s o l u t e  i n t e n s i t y  o r  t h e  s p e c t r a l  
d i s t r i b u t i o n  of  t h e  e m i t t e d  r a d i a t i o n .  

The t h e o r e t i c a l  e n t h a l p y  of t h e  augmented s t o i c h i o m e t r i c ,  n a t u r a l  
f lame ( r e f e r r e d  t o  298'K) i s  shown i n  F i g .  9 ,  p l o t t e d  a g a i n s t  

The d i s c h a r g e  has  been s u c c e s s f u l l y  main ta ined  i n  t h e  

g a s - a i r  
t h e  augmentat ion r a t i o  ( t h e  r a t i o  of  e l e c t r i c a l  power t o  nominal com- 
b u s t i o n  power) .  
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d i f f u s e  mode at .  ave rage  augmentat ion r a t i o s  up t o ,  and even s l i g h t l y  
i n  e x c e s s  of  u n i t y ,  and a t  peak r a t i o s  more t h a n  twice a s  h i g h  a s  
t h e  ave rage .  A t  peak power i n  each h a l f - c y c l e  of a . c . ,  t h e  t o t a l  
e n t h a l p y  of t h e . g a s  i s  so h igh  t h a t  on ly  t h e  d i s s o c i a t i o n  of  t h e  
, i n i t i a l  combustion p roduc t s  p r e v e n t s  t h e  t empera tu re  from r i s i n g  t o  
a l e v e l  a t  'which t h e  c o n d u c t i v i t y  would r ise  e x c e s s i v e l y  because  of ' 

i o n i z a t i o n  of  t h e  bu lk  g a s .  

The t h e o r e t i c a l  e q u i l i b r i u m  t empera tu re  and compos i t ion  of a 
s t o i c h i o m e t r i c  methane-air  mix tu re  a r e  shown . p l o t t e d  v e r s u s  t o t a l  en- 
t h a l p y ,  i n  F i g .  10. These d a t a  were o b t a i n e d  wi th  t h e  a i d  of  a 
machine computat ion program developed i n  t h e  c o u r s e  of  t h i s  s t u d y ,  
w i th  t h e  a s s i s t a n c e  of D r .  S t u a r t  B r i n k l e y  of Combustion and Explo- 
s i v e s  Research,  I n c .  Experimental  g a s  compos i t ions  f o r  t h e  e f f l u e n t  
g a s e s  from t h e  augmented bu rne r  i n d i c a t e  a c l o s e  approach t o  equi-  
l i b r i u m ,  a f t e r  a l lowance i s  made f o r  recombinat ion r e a c t i o n s  oc- 
c u r r i n g  i n  t h e  sampling probe.  

, 

The e x p e r i m e n t a l l y  determined r a t e  of  h e a t  t r a n s f e r  from t h e  
augmented f lame t o  a t r a n s i e n t - t y p e  f l u x  probe i n  shown i n  Fi ,g .  11, 
a s  a f u n c t i o n  of t o t a l  en tha lpy  and of d i s t a n c e  from t h e  b u r n e r  e x i t  
p l a n e .  I t  may b e  seen  t h a t  t h e  o v e r - a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  
c o n s i d e r a b l y  h i g h e r  t han  t h a t  t y p i c a l  of unaugmented f l a m e s ,  a r e s u l t  
a t t r i b u t a b l e  t o  t h e  e f f e c t  of  recombinat ion r e a c t i o n s  on t h e  probe 
s u r f  a c e .  

V SUMMARY 

An improved v e r s i o n  of  an e l e c t r i c a l l y  augmented b u r n e r  h a s  been 
d e s c r i b e d  i n  which a power fu l ,  60-cycle  e lectr ical  d i s c h a r g e  can  be  
maintained i n  t h e  combustion p roduc t s  from a n a t u r a l  g a s - a i r  f l a m e ,  
and i n  which t h e  d i s c h a r g e  can  b e  ma in ta ined  i n  a comple t e ly  d i f f u s e  
mode. 

Proper  p r e c o n d i t i o n i n g  of t h e  g a s  appea r s  t o  be  t h e  most es- 
s e n t i a l  f a c t o r  t e n d i n g  t o  oppose c o n t r a c t i o n  of  t h e  d i s c h a r g e  i n t o  an 
a r c  f i l a m e n t .  A h igh  degree  of t u r b u l e n c e ,  both i n  t h e  d i s c h a r g e  zone 
and i n  t h e  approach stream, a l s o  a s s i s t s  i n  combating f i l a m e n t  f o r -  
mat ion,  t h e  e f f e c t  be ing  most n o t i c e a b l e  a t  h igh  e lectr ical  power l e v e l s .  

The d i f f u s e l y  augmented f lame has  p o t e n t i a l  t e c h n i c a l  and economic 
advantages ove r  o t h e r  s o u r c e s  of  h i g h  t empera tu re  n e a t ,  t h a t  are  ex- 
pected t o  be s i g n i f i c a n t  t o  chemlca l ,  m e t a l l u r g i c a l ,  and o t h e r  i n -  
d u s t r i a l  uses .  Experimental  work wi th  r e s p e c t  t o  v a r i o u s  such a p p l i -  
c a t i o n s  i s  c o n t i n u i n g .  
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